Cu nanowires with widths ranging from 110 to 300 nm were fabricated on a c-plane sapphire substrate using E-beam lithography and lift-off processes. Thermal annealing of these polycrystalline metal nanowires at 700°C in an inert ͑nitrogen͒ atmosphere showed that for lines of width 160 nm or less, there was complete breakdown into widely spaced, individual beads in a short time ͑1 h͒. It was shown that the morphological changes were driven by reduction in the surface energy, with surface diffusion as the predominant transport mechanism. The spacing between the beads was approximately 1.8 times greater than the values predicted by Rayleigh instability theory for a free standing rod with equivalent radius. Based on thermodynamic and kinetic considerations, discrepancies between the experimental observations and the predictions of Rayleigh instability theory were attributed to the stabilization effect of the substrate.
I. INTRODUCTION
Nanowires are of technological interest due to their potential applications as interconnects as well as essential components in nanoelectronics or nanoelectromechanical systems ͑NEMS͒.
1 The shrinkage of feature sizes down to the nanometer scale increases their susceptibility to morphological change, even at relatively low temperatures. At elevated temperature, shape changes in nanowires can be severe and occur rapidly. 2, 3 This is a critical issue for the long term reliability of nanoelectronic devices. It is expected that in addition to temperature, factors such as substrate and nanowire composition, the microstructure, cross-sectional geometry, and dimensions of the nanowires will all play roles in determining the degree to which morphological change happens. Therefore, it is important to determine which characteristics are the most critical so that the extent of undesirable morphological changes can be limited or avoided altogether.
Morphological instability of metal films and freestanding wires is a well-known phenomenon. For example, dewetting of blanket Cu thin films on dielectric substrates such as SiO 2 has been reported, leading to balling up of the metal into discrete droplets. [4] [5] [6] The thermodynamics and kinetics of this type of film agglomeration have been reviewed by Srolovitz and Goldiner. 7 As described by these researchers, a series of agglomeration processes occurs, driven by a reduction of the surface and interface energy. First of all, there is the formation of small grooves, then these grooves deepen via various transport processes until they reach the substrate. Subsequent formation of holes separates the films into discrete parts, and the retraction and coarsening of these separated sections form individual droplets. Key characteristics that control the rate and nature of film breakdown include the interfacial energy between the film and substrate, and the film grain structure.
In a similar fashion, surface energy-driven breakdown of free standing wires has been analyzed by Nichols and Mullins, who applied Rayleigh instability concepts, originally developed to study the beading phenomena of liquid jets, 8 to predict the shape changes of cylindrical solid rods. 9 Their model assumed orientation-independent surface and bulk properties. Under these conditions, it was shown that any perturbation of the surface with a wavelength larger than the circumference of the rod could lead to breakdown given sufficient time. Here, the key parameter was simply surface curvature, which is directly related to wire geometry and size. The relevance of this model across a wide range of length scales was recently demonstrated by Toimil Molares et al., 2 who annealed free standing Cu nanowires placed on silicon substrates and showed that the beading phenomenon conformed closely to the predictions of the Nichols and Mullins model.
The preceding experimental studies and models have laid a successful framework for understanding the instability of two somewhat different cases: two-dimensional films, for which microstructure and an underlying substrate are important, and one-dimensional isotropic wires surrounded by an isotropic medium. In practice, metal nanowires could possess a combination of these characteristics; i.e., they could be anisotropic in their surface and bulk properties, and be in intimate contact with a substrate. Under these conditions, it is unlikely that either the thin film or free standing wire models could be applied directly.
Gurski and McFadden 10 have addressed one of these complicating issues by modeling the capillary instability of a free standing rod with anisotropic surface properties. They concluded that both the magnitude and sign of the anisotropy were critical characteristics to consider. Powers and Glaeser 11 have also experimentally demonstrated orientation dependent Rayleigh instability of sapphire rectangular channels, for which the "rod" was the open space inside a channel. McCallum et al. 12 modeled isotropic lines adhered to a substrate and found that the substrate had a stabilizing effect as compared to the original model of Nichols and Mullins. Karim et al. 13 investigated the effect of the microstructure of Au nanowires on the breakdown behavior and found that single crystalline nanowires tend to have a larger spacing between the agglomerated beads. Srolovitz et al.
14 have modeled the morphological evolution of lines on substrates, but which exhibit a "'bamboo'" microstructure. They showed that lines with grain size larger than a certain equilibrium grain size would pinch off into beads driven by minimization of surface energy.
In the work described by this paper, Cu nanowires of constant thickness but different widths were fabricated on a single crystal sapphire substrate and annealed. The morphological stability of these wires was studied and compared to the theoretical predictions. Sapphire was chosen as the substrate material because of its chemical inertness with Cu and high thermal stability. An elevated annealing temperature of 700°C was selected to intentionally accelerate the breakdown process, which is presumably thermally activated. The experimental results are discussed in reference to corresponding values calculated from theoretical models in the literature.
II. EXPERIMENT
C-plane single crystal sapphire substrates ͑Saint-Gobain Crystals, 330 m thick͒ were used in this study. The metal nanostructures were fabricated through conventional E-beam lithography ͑Model LEO 1550 VT͒. The stages in the fabrication process are depicted schematically in Fig. 1 . In order to achieve an undercut structure for a clean lift-off, two layers of positive polymethyl methacrylate ͑PMMA͒ photoresist with different molecular weights ͑495K and 950K͒ were sequentially spin-coated on a sapphire substrate. To minimize any charging ͑and hence pattern distortion͒ due to the nonconducting sapphire substrate, all patterns were written in variable-pressure mode at a N 2 pressure of 30 Pa and an accelerating voltage of 30 kV. Cu films of thickness of ϳ100 nm were deposited on the sample using a resistanceheated thermal evaporator. The purity of the Cu source was 99.999%. The final lift-off was carried out by dissolving the remaining photoresist in acetone, followed by mild stirring/ agitation. Periodic arrays of lines with widths ranging from 110 to 300 nm were fabricated; in each case, the line to line spacing was approximately 1 m. Along the wire length, individual lines were separated into two 120 m long segments with a gap of 1 m; this was done to facilitate the study of morphology changes at the ends of the lines during annealing.
After fabrication, the Cu nanostructures were subjected to a series of thermal treatments. Due to the low oxidation resistance of copper, annealing of the Cu line samples was carried out in dry nitrogen. This was achieved by reducing the atmosphere in the furnace tube to less than 10 −4 Torr and purging several times with nitrogen to remove the residual oxygen. A pressure of 100 Torr was maintained during annealing with N 2 flow. As mentioned earlier, an elevated temperature of 700°C was selected to ensure breakdown in a reasonable period of time. Two annealing times were employed: 5 and 60 min. Ramp-up to temperature was achieved in less than 2 min, whereas cooling down to room temperature usually took about half an hour.
The morphologies of the nanowires were characterized both before and after annealing using high resolution field emission scanning electron microscopy ͑FE-SEM, Hitachi S4300͒. The diameters of the agglomerated beads were determined from SEM images ͑taken at zero tilt͒ by measuring the longest and shortest lateral dimensions of each bead and taking the average value. In each case, the number of beads measured was greater than 50. The average bead separation was determined by counting the number of beads over a given length of 40 m in ten different Cu wires. In order to characterize the microstructure of the as-deposited Cu films using a transmission electron microscope ͑TEM͒, samples at stage 4 in the fabrication process ͑see Fig. 1͒ were deliberately fabricated with insufficient photoresist undercut. As a result, the metal lines were connected to the metal on top of the resist. During lift-off, therefore, it was possible to transfer the overlying metal film, along with the attached line structures, onto a TEM grid. To evaluate the Cu grain structure after heat treatment at 700°C for 1 h, TEM crosssectional samples of the annealed Cu wires were prepared by a focused ion beam ͑FIB͒ instrument ͑FEI Strata DB 235͒. Grain structures were examined using JEOL 2000 with operating voltage of 200 kV.
III. RESULTS AND DISCUSSION

A. Line microstructure and morphology
The grain structures of the evaporated ϳ100 nm thick Cu films were studied by TEM with plan view samples. As can be seen from the bright field ͑BF͒ and dark field ͑DF͒ images in Figs. 2͑a͒ and 2͑b͒, the Cu films were polycrystalline, with no apparent epitaxial relationship to the single crystal substrate. TEM also confirmed that the microstructure of the Cu film overlying the PMMA was the same as that of the line structures on the sapphire substrate. The grain structure was duplex, with some grains as large as ϳ600 nm, interspersed with very small grains with dimensions less than 50 nm. The grain size distribution is shown in Fig. 3 . It should be noted that grains with dimensions less than 50 nm were not counted. The average grain size for the 100 nm as-deposited Cu was found to be around 200 nm, which is approximately two times the film thickness and consistent with many prior studies. 15 With regard to the grain structure of the annealed lines, a TEM micrograph of a longitudinal section of a 250 nm wide copper line after annealing for 1 h is shown in Fig. 4 . It shows columnar grains with sizes all significantly larger than 100 nm, indicating that some grain growth had taken place.
None of the Cu nanowires, regardless of line width, underwent noticeable morphological change during annealing for 5 min at 700°C ͑T / T m = 0.72, T m is the melting temperature͒. However, with the longer thermal treatment ͑1 h at temperature of 700°C͒, wires with width equal to or less than 160 nm completely broke down into discrete, widely spaced beads ͓Figs. 5͑a͒ and 5͑b͔͒. Lines with widths between 200 and 300 nm also showed significant agglomeration, but breakdown was not complete ͓Figs. 5͑c͒ and 5͑d͔͒.
In order to compare the experimental results obtained in the present work with theoretical predictions from the litera- ture, the equivalent radius ͑r e ͒ was determined for each set of nanowires, where r e is defined as the radius of a free standing cylindrical rod having the same cross-sectional area as the rectangular wires. As can be seen from Table I , on normalizing the measurements of bead diameter ͑d͒ and bead spacing ͑ m ͒ to r e , the results for the 110, 145, and 160 nm wires are in fairly close agreement, i.e., they are about 4.6 and 16 times the equivalent radius of the Cu wires, respectively. The volume of the Cu beads after breakdown is in reasonable agreement with the original wire volume ͑1.47 ϫ 10 7 nm 3 versus 1.57ϫ 10 7 nm 3 ͒, assuming the agglomerated beads are truncated spheres with a contact angle of 110°.
B. Mechanism of line breakdown
The most likely mechanisms for the line breakdown are Rayleigh instability 2 or grain boundary grooving. 7 Either is plausible, given that the Cu lines have significant surface curvature, as well as a mostly columnar microstructure that develops during annealing. Grain boundary grooving is the generally accepted mechanism for polycrystalline thin film breakdown. 7 For lines on substrates, although a one-to-one relationship between bamboo structured grains and agglomerated beads has been assumed in models, 14 no such experimental relationship between the individual grain size and the spacing of agglomerated beads has been reported explicitly in the open literature. For lines of similar dimensions to those studied here, the model of Srolovitz and Thompson predicts that the critical grain size above which the lines will break into beads is less than 101 nm.
14 Since the average size of the larger grains in our Cu lines is ϳ200 nm, it is feasible that they could break down through grain boundary grooving according to the prediction of Srolovitz and Thompson. However, no simple correlation between the bead dimensions and grain size was observed. In contrast, for the line widths tested, the bead diameter was found to be a constant multiple of the equivalent radius. Furthermore, the spacing was several times larger than the average grain size, and also larger than the vast majority of grains. It is possible that only certain grain boundaries are eventually capable of grooving to the extent needed for breakdown, but it is unlikely that these special boundaries could be so regularly spaced as indicated by the m parameter. Although grain boundary grooving cannot be discounted completely, it is believed that Rayleigh instability induced by surface curvature is the more likely cause of the morphology changes. Note that the process of breakdown due to Rayleigh instability does not depend on the grain size; for example, Toimil Molares et al. 2 reported that their free standing Cu nanowires which underwent breakdown were single crystalline.
C. Transport mechanisms
The observed changes in nanowire morphology could take place via several possible transport mechanisms, i.e., volume diffusion, surface diffusion, and evaporationcondensation. The contribution of each mechanism to the overall transport can be estimated from the values for the volume diffusion parameter A͑T͒, the surface diffusion parameter B͑T͒, and the evaporation-condensation parameter C͑T͒, where Evaporation-condensation parameter:
In addition, the following dimensionless ratios 1 , which defines the rate of surface diffusion versus volume diffusion, and 2 , the corresponding ratio for the rate of surface diffusion versus evaporation-condensation, are defined according to the discussions in Ref. 9 . The expressions for these quantities are as follows:
For the above equations, the symbols are defined in Table II . Values for A͑T͒, B͑T͒, C͑T͒, 1 , and 2 were calculated for Cu heat treated for 1 h at 700°C. These are given in Table II , together with the values utilized for the various input parameters. Given that for the relevant heattreatment conditions the value of the surface diffusion versus volume diffusion ratio ͑ 1 ͒ is about 200, it is reasonable to assume that the contribution from volume diffusion is negligible. Similarly, transport through evaporation is also negligible compared to surface diffusion.
D. Driving force for line breakdown
In most cases, the breakdown of thin films or wires is driven by strain energy and/or surface energy. There is no source of strain energy for free standing rods, but for rods embedded in a solid matrix, the strain energy contribution can be large. 20 As for certain films on substrates, surface energy can dominate; for example, Danielson et al. 21 showed that for a 10 nm Si thin film on SiO 2 , the reduction of surface energy was the predominant driving force. However, for Cu deposited on sapphire, there are intrinsic and extrinsic stresses that are likely to exist due to growth conditions and differences of thermal expansion. 22 In the following, we estimate the magnitudes of the total change in strain energy and surface energy for the Cu nanowires on annealing. For the surface energy calculations, segments of the metal wires with rectangular cross section were assumed to break down into individual truncated spheres of the same volume. The extent of truncation was set by the choice of the equilibrium contact angle for Cu on sapphire. Though the contact angle ͑͒ of liquid Cu on sapphire has been reported to be 110°͑ nonwetting͒, 23 all the samples in this study showed a much greater tendency to wet, presumably because the Cu is still in the solid state. Accordingly, a value of Ϸ 70°, which was obtained by measurements from cross section SEM images of the agglomerated Cu beads, was used in all the calculations. The surface free energy of Al 2 O 3 ͑␥ Al 2 O 3 ͒ was calculated using the relationship given by Levi and Kaplan. 24 The value for the average surface free energy of solid copper ͑␥ Cu ͒ was taken as 1.52 J / m 2 . 18 The interfacial energy be- With regard to the strain energy, it was assumed that any stress in the as-deposited nanowires was totally relaxed after breaking down into droplets. The stress evolution of Cu films on sapphire has been studied by Dehm et al., 22 and for the annealing temperature used in our study the lines should be in compression. In order to gain an understanding of the maximum contribution due to strain energy relaxation, an upper limit value of 200 MPa was assumed.
The change in strain energy and surface energy ͑after annealing͒ was calculated as a function of line width ͑see Fig . 6͒ . In each case, the bead spacing was taken to be 16 times equivalent radius r e , a value which was based on the experimental observations. The details of the calculations are given in the Appendix. It can be seen that per unit volume, the magnitude of the surface energy reduction is several orders of magnitude greater than the reduction in strain energy, hence the former is the dominant driving force for the morphological instability, and the strain energy contribution can be safely ignored. It is also clear from Fig. 6 that finer wires experience a larger driving force for surface energy minimization, which was substantiated by our experimental results. Note that the calculations are relatively insensitive to the value of the contact angle chosen, so that the use of = 110°only resulted in a minor change in the total surface energy reduction, and the overall trend was not affected. The curves in Fig. 6 were calculated assuming a bead separation of 16r e , which was the experimentally observed value. It is also possible to calculate the reduction in surface energy per unit volume for different values of bead spacing, and these results are shown in Fig. 7 . The value of m ϳ 8.89 r e was selected because this is the prediction of the Nichols and Mullins model for a free standing rod. 9 Note that there is a disparity in the appearance of the graphs in Fig. 7 compared to Fig. 6 because a log scale was used for the coordinate in Fig. 6 . It can be seen that as the ratio m / r e decreases, the curves are displaced to lower values of energy reduction. Significantly, for m / r e = 8.89, there is a critical line width ͑ϳ85 nm͒ above which breakdown due to surface energy considerations is not energetically favorable. Another way of interpreting Fig. 7 is that for a given starting line width, the driving force from surface energy reduction increases with increasing bead separation.
E. Influence of substrate and kinetic considerations
As described earlier, for the present study the breakdown of the Cu nanowires resulted in beads with a separation of ϳ16r e . In contrast, for breakdown of free standing rods by surface diffusion, the Nichols and Mullins model predicts = 8.89r. The effect of having a substrate present was analyzed by McCallum et al. 12 They modeled lines with cross sections corresponding to truncated spheres and showed that the substrate has a stabilizing effect on breakdown and that the degree of stabilization is dependent on the contact angle. Even for a contact angle of 180°, the value of m was calculated to be ϳ10.5r e . This is larger than the Nichols and Mullins value of 8.89r, indicating that even a single line of contact with the substrate stabilizes cylindrical rods. If the prediction of the McCallum model is computed using = 70°, we obtain the wavelength of maximum instability m to be 14.2r e , which is close to the present experimental measurements of 16r e . The experimental results, therefore, are consistent with the idea that the substrate modulates the degree of morphological change. Although the agreement between the McCallum model and our experiments is quite reasonable, it should be noted that using the published Cu/ sapphire contact angle of 110°results in a greater disparity between the values, i.e., 11.4r e versus 16r e . In addition, Cu nanowires in the present studies are polycrystalline, with no apparent epitaxial relationship to the substrate, therefore the same results would be expected even if the substrate were polycrystalline.
Nichols and Mullins also studied the kinetics of surface energy driven shape changes of free standing cylindrical rods. 16 As might be expected, there is strong temperature dependence. Further, the time required to achieve a given degree of breakdown was predicted to scale with r 4 , where r is the rod radius. Although the kinetics of the nanowire breakdown was not the focus of the present study, nonetheless we can make the following observation. By substituting FIG. 6 . ͑Color online͒ Graphs showing the reduction in the strain and surface energy density as a function of wire width, following Cu wire breakdown. The spacing of the beads in the broken wire ͑ m ͒ was taken to be 16 r e , where r e is the equivalent radius of the wires. ͑The wire height was taken to be 100 nm. 12 for a 110 nm Cu wire and a 70°contact angle the predicted breakdown time was ϳ25 s. Although in the present work the breakdown times for the 110, 145, and 160 nm width Cu wires were not measured specifically, it is known that they exceeded 300 s because after this length of heat-treatment the wires were still intact. This time discrepancy is consistent with the greater stabilization effect demonstrated by the observed bead spacing. Clearly much more work is necessary, but the present results suggest that the models in the literature underestimate the stabilizing effects and overestimate the rate of breakdown. Whether this can be attributed to inaccuracies in the values of the diffusion parameters utilized, or some unknown aspect of the stabilizing effect of the substrate and/or surface films, remains to be determined.
IV. SUMMARY
The morphological stability of Cu nanowires on a ͑0001͒ sapphire substrate was studied as a function of wire width in the range 110-300 nm. For annealing treatments in nitrogen at 700°C, it was found that the wires were stable after annealing for 5 min. However, for heat-treatments of 1 h duration, lines of width 160 nm ͑or less͒ broke down into discrete, separated beads. Based on considerations of the Cu microstructure and the bead spacing, it was inferred that Rayleigh instability, rather than grain boundary grooving, was the mechanism of breakdown. Calculated values of transport parameters suggested that surface diffusion was the predominant transport mechanism. The experimentally observed values of bead spacing were larger than those predicted by the Nichols and Mullins model for free standing rods, but showed good agreement with a theoretical treatment that took into account the stabilizing influence of the substrate. Using bead separation distances and Cu-sapphire contact angles derived from experiment, it was shown that on breakdown, the energy savings due to reduction in surface energy is many orders of magnitude greater than that associated with strain energy reduction. It was also shown that as the assumed bead separation ͑normalized with respect to the effective radius͒ decreases, breakdown into closely spaced beads may be energetically unfavorable for lines greater than a critical width. Then the volume ͑V sphere ͒ of the truncated sphere above the surface of the substrate is given by 
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where ␥ Al 2 O 3 is the surface energy of sapphire. Therefore, the change in surface energy ͑⌬E s ͒ for the line segment is
